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A B S T R A C T   

Pure and manganese-doped titanium dioxide nanoparticles (MnTiO2-NPs) were synthesized by 
the defect-oriented hydrothermal approach. The synthesized material was then characterized by 
X-ray diffraction (XRD), Scanning electron microscopy (SEM), Energy dispersive X-ray spectros-
copy (EDX), and UV–visible spectroscopy (UV–Vis). The agar well diffusion method assessed the 
antibacterial efficiency of TiO2 and MnTiO2-NPs against E. coli and S. aureus. Zone of inhibition 
(ZOI) formed by pure TiO2 was observed as 12 mm and 11.5 mm against E. coli and S. aureus, 
while for MnTiO2-NPs it was observed as 19 mm (E. coli) and 21 mm (S. aureus). The concen-
tration of synthesized nanoparticles (10 mg/ml, and 20 mg/ml) was used for antibacterial studies. 
The efficacy of the pure and MnTiO2-NPs as an active photocatalyst for the degradation of 
methylene blue (MB) dye was also assessed using a UV light. It was observed that the 
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photodegradation efficiency of 1 g of MnTiO2-NPs was higher than the same amount of pure TiO2. 
The results suggest that the photocatalyst concentration directly impacts the photodegradation of 
MB dye. The pH value was found to influence the photodegradation of MB dye at higher pH 
values. Based on the obtained results, MnTiO2-NPs were observed as a promising agent for mi-
crobial resistance and water remediation.   

1. Introduction 

Titanium dioxide (TiO2) is a semiconductor material with a tetragonal crystal structure and a bandgap of 3.2 eV in its pure form. 
The characteristics of nanomaterials are improved due to the intensification of broken bonds on the surface and surface to volume ratio 
of the nanoparticles [1]. The surface of nanostructured materials has broken bonds that significantly modify the surface energy, which 
in turn tunes the band gap of the material. This can lead to changes in the crystalline structure of the material. Recent studies have 
shown that the optical bandgap of the nanomaterials varies with particle size. This variation in bandgap results in changes in the 
optical and electrical properties of the nanoparticles, making them suitable for a variety of applications [2,3]. The performance of 
nanomaterials is also affected by their size and morphology, which are influenced by their high surface-to-volume ratio. The properties 
including optical, electrical, thermal, photocatalytic, antibacterial, and gas sensing can be enhanced by incorporating various types of 
nanomaterials. The most commonly used nanomaterials for photocatalysis and antibacterial applications are Fe2O3, CuO, Co3O4, 
Ag2O, ZnO, BN, CeO2, and TiO2 [4–12]. 

TiO2 has three natural polymorphs: anatase, rutile, and brookite [13,14]. TiO2 is a prominent photocatalytic material that has been 
extensively used in various applications such as air and water purification, treating various microbial diseases, and self-cleaning 
surfaces [15]. TiO2 does not effectively absorb the solar light. The optical absorption of TiO2 is limited to the UV region due to its 
wide bandgap, which results in low photocatalytic activity under visible light irradiation [16–18]. It is believed that the photocatalytic 
activity of TiO2 can be significantly enhanced by depositing or doping suitable semiconductor metal oxides, noble metals, transition 
metal ions, or nonmetal ions into or onto the TiO2 structure [19,20]. Various strategies have been developed to modify the TiO2 
properties and to address its limitations, including doping with transition metal ions [21]. One of the transition metal ions that has 
been successfully used for doping is manganese (Mn), which is known to enhance the photocatalytic activity of TiO2 by shifting its 
absorption spectrum toward the visible light region. MnTiO2-NPs have been reported to exhibit visible light absorption, making them 
attractive photocatalysts for visible light-driven applications. The incorporation of Mn ions into the TiO2 lattice alters the band 
structure of TiO2, leading to the creation of mid-gap states that promote visible light absorption. 

TiO2 and MnTiO2-NPs have been extensively studied for their antibacterial properties. The photocatalytic activity of TiO2 can 
generate reactive oxygen species (ROS), which are toxic to bacteria [22–25]. The ROS can damage bacterial cell membranes, leading to 
bacterial death. TiO2 and MnTiO2-NPs are effective against various bacteria, including Escherichia coli, Staphylococcus aureus, and 
Pseudomonas aeruginosa. MnTiO2-NPs have been reported to exhibit higher antibacterial activity than pure TiO2 due to its enhanced 
visible light absorption. The photocatalytic degradation of organic dyes is another important application of TiO2 and MnTiO2-NPs. 
Organic dyes are widely used in various industries, including textile, paper, and leather. The discharge of dye-containing wastewater 
can cause environmental pollution and health hazards. TiO2 and MnTiO2-NPs can effectively degrade organic dyes under UV and 
visible light irradiation. The degradation mechanism involves the generation of ROS, which can break down the organic dye molecules 
into smaller and less harmful molecules. MnTiO2-NPs have been reported to exhibit higher photocatalytic activity than pure TiO2 due 
to its enhanced visible light absorption. S. Ragupathy et al. synthesized Mn-doped SnO2 which appears to be a promising photocatalyst 
for visible light-driven degradation of organic pollutants like brilliant green. Its impressive 92.84 % degradation efficiency in visible 
light stems from its lower band gap (3.57 eV) and larger surface area (32.70 m2/g) improves light absorption and minimizes charge 
carrier recombination [26,27]. 

Hydrothermal synthesis is a versatile and cost-effective method for producing TiO2 and MnTiO2-NPs with tuneable properties. The 
size, shape, and crystalline structure of the nanoparticles can be controlled by adjusting the reaction conditions, such as the tem-
perature, pressure, and pH of the solution. Hydrothermal synthesis has several advantages over other methods of producing TiO2 and 
MnTiO2-NPs. It is a relatively simple and safe process that does not require the use of toxic chemicals. It is also a scalable process, which 
means that it can be used to produce large quantities of nanoparticles. Additionally, hydrothermal synthesis can be used to produce 
nanoparticles with a high degree of purity and uniformity [28]. 

Unlike previous studies where porous and complex structures of MnTiO2 were produced by hydrothermal thermal technique in a 
growth duration of 3.33 h with a dye degradation efficiency of 75 % for methylene blue [29], we introduced a simple defects-oriented 
hydrothermal technique for the synthesis of MnTiO2 nanoparticles in a comparative short growth duration of 1.6 h and enhanced dye 
degradation efficiency for methylene blue and excellent antibacterial activities for different gram-positive and gram-negative bacteria. 

2. Material and methods 

2.1. Materials 

TiO2 (bulk), and MnCl2 were used as precursors, while sodium hydroxide (NaOH) was used as a reducing agent. These were 
procured from Sigma Aldrich, St. Louis, MO, USA. Reagents (99 % analytically graded) were used as received without further 
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refinement. The synthesized material was analyzed by a scanning electron microscope (SEM: JEOL 7000F), Energy-dispersive X-ray 
spectroscopy (EDX), Siemens D5000 X-ray diffractometer, and UV–visible–NIR spectrophotometer (Model-V770, JASCO) was used to 
study various features of the prepared material. 

2.2. Preparation of TiO2 

TiO2 and MnTiO2-NPs were synthesized by the hydrothermal method. TiO2 (bulk), and MnCl2 were used as precursors, while 
sodium hydroxide (NaOH) was used as a reducing agent. For the pure TiO2 sample, initially, 5 g of TiO2 was taken in 70 ml of deionized 
water in a beaker under continuous stirring to get a homogenous mixture. The pH of the solution was adjusted to 9 by adding NaOH 
(1.25 M) and continuously stirred for 30 min. The same procedure was followed to prepare MnTiO2-NPs by adding MnCl2 (0.5 g) along 
with TiO2 (bulk). The reactant mixture of light brown color was shifted to an autoclave and placed in an oven at 180 ◦C for 18 h. After 
equating to room temperature automatically, the resulting product was obtained using centrifugation and washed out with deionized 
water in addition to ethanol, then dried at 90 ◦C for 2 h. 

2.3. Antibacterial assay 

The antibacterial activity of pure TiO2 and MnTiO2-NPs was evaluated against clinical isolates of gram-positive and gram-negative 
bacteria. Two different bacterial species were selected for antibacterial screening in the current study: Escherichia coli isolated from 
clinical specimens of urinary tract infections (UTI) as gram-negative bacteria while Staphylococcus aureus (UTI) as gram-positive 
bacteria. The agar well diffusion method was used accordingly to measure the zone of inhibition (ZOI) of bacterial growth after 
treatment with different doses (10 mg/ml, and 20 mg/ml) of the nanoparticles dissolved in DMSO [30]. To culture, turbidity ad-
justments, and incubation same parameters were followed [9] and Each experiment was repeated thrice (N = 3). 

2.4. Photocatalytic activity 

The photocatalytic activity of TiO2 and MnTiO2-NPs was evaluated through the photodegradation of methylene blue (MB) under 
UV irradiation. To conduct the photocatalytic activity a UV light source (US-800 (250W)), and a Pyrex beaker were used. 0.1 g of TiO2 
and MnTiO2-NPs as a catalyst was poured separately in 50 ml of 10 mg/L (10 ppm) solution of MB dye. For the degradation process, the 
solution was exposed to UV light on a rotary shaker (100 rpm) for predetermined intervals up to 100 min at room temperature. MB 
Degradation is calculated with the help of the following formula: 

MB Degradation (%)= (Ao − At)/Ao × 100 (1)  

Where At is the absorbance of the MB solution after t hours of exposure to the UV source and Ao is the starting absorbance of the MB 
solution. 

2.5. Characterization 

The synthesized powder form of the synthesized sample was characterized by a scanning electron microscope (SEM: JEOL 7000F) 
to check its apparent shape and morphology. Energy-dispersive X-ray spectroscopy (EDX) is used in conjunction with SEM to provide 

Fig. 1. A summary of the complete methodology from the hydrothermal synthesis of MnTiO2-NPs to its antibacterial activity and photocatalytic dye 
degradation. 
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elemental information on the surface of the synthesized material. The crystal structure of the samples was measured by a Siemens 
D5000 X-ray diffractometer by using Cu Kα radiation with an operating voltage of 20 kV and an angle of incidence of 3◦ in all cases. The 
UV–visible–NIR spectrophotometer (Model-V770, JASCO) was used to study the optical properties of the material. The complete 
summary of methodology from synthesis, characterization, antibacterial activity, and photodegradation of methylene blue of TiO2 and 
MnTiO2-NPs is shown via a sketch in Fig. 1. 

3. Results and discussion 

3.1. XRD analysis 

The X-ray powder diffraction (XRD) technique was used to analyze the crystalline structure of pure and MnTiO2-NPs synthesized by 
the hydrothermal technique. The XRD pattern of the samples is shown in Fig. 2. The 2θ peaks at 25.32ο, 37.79ο, 48.06ο, 53.90ο, 
55.083ο, 62.66ο, 69.40ο, 70.32ο, and 75.06ο corresponds to the crystal planes of all samples at (101), (004), (200), (105), (211), (204), 
(116), (220), and (215), respectively. The XRD results reveal that all the samples exhibit the anatase phase with (JCPDS Card No. 
78–2486) [31]. The sharpness of peaks shows the crystalline nature of the synthesized material whereas the broadening of peaks 
indicates the reduction in size of the crystalline material, calculated by using the Modified-Scherer formula. The average crystalline 
size of the base and doped samples was 36 nm and 34 nm, respectively. The grain size (D) for all samples was determined from the full 
width at half maximum (FWHM) and was in the range of 34–36 nm. The crystallinity of the TiO2 and MnTiO2-NPs was 64.9 % and 66.5 
%, respectively. 

3.2. SEM analysis 

The surface morphology and shape of the samples were analyzed by SEM. The SEM micrographs of pure TiO2 in lower and higher 
magnifications are shown in Fig. 3 (a), and (b) whereas that of MnTiO2-NPs samples are displayed in Fig. 3 (c), and (d). The nano-
particles exhibited an almost spherical shape, and their average diameter varied with the concentration of Mn [32]. 

The histograms of each type of synthesized nanoparticles are shown in Fig. 4 (a, b). The particle size of the synthesized nano-
material is shown on the horizontal axis of the histogram whereas the frequency (Count of nanoparticles) regarding each size range is 
shown on the vertical axis of the histogram. The height of the vertical bars shows the number of particles in each size range. According 
to the histogram, the average diameter of the base sample was 68 nm, as shown in Fig. 4 (a), whereas, for doped samples with Mn, the 
average diameter was about 46 nm, as shown in Fig. 4 (b). 

3.3. EDX analysis 

The elemental composition of pure and MnTiO2-NPs was confirmed through EDX analysis. The EDX results for pure TiO2, and 
MnTiO2-NPs, are shown in Fig. 5(a), and Fig. 5(b) respectively. Only Ti and O peaks appeared in Fig. 5(a), while Ti, O, and Mn peaks 
were observed in Fig. 5(b), indicating the successful incorporation of Mn in TiO2 [33]. EDX spectra confirm that no extra peaks are 
observed. The elemental composition by weight % and atomic % observed in TiO2 and MnTiO2-NPs in the EDX analysis is shown in 
Table 1. 

Fig. 2. XRD pattern of TiO2 (plotted in black), and MnTiO2-NPs (plotted in red). (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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3.4. UV–vis spectroscopy 

The UV–Vis absorption spectra of pure and MnTiO2-NPs are shown in Fig. 6. The band gap was calculated by Tauc plot relation. The 
calculated band gaps from the Tauc plot relation for pure and MnTiO2-NPs were 2.70, and 2.61 eV, respectively, indicating that Mn 
doping minimizes the energy gap. Anatase’s band gap value was lower than the experimentally measured value of 3.2 eV, apparently as 
a result of surface scattering-induced optical trapping [34]. 

Fig. 3. (a) Lower, and (b) higher magnification SEM micrographs of pure TiO2. (c) Lower, and (d) higher magnification SEM micrographs of 
MnTiO2-NPs. 

Fig. 4. Histogram of (a) pure and (b) Mn–TiO2 (5 %, 10 %) NPs.  
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Fig. 5. EDX results for (a) pure TiO2, and (b) MnTiO2-NPs.  

Table 1 
Elemental composition by weight and atomic% observed in TiO2 and MnTiO2-NPs.   

TiO2 Mn–TiO2 

Element Weight% Atomic% Weight% Atomic% 

O K 41.51 68.00 39.86 66.59 
Ti K 58.49 32.00 58.17 32.46 
Mn K   1.96 0.96 
Totals 100.00  100.00   

Fig. 6. The absorption spectra and band gap for TiO2 and MnTiO2-NPs.  
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3.5. Antibacterial activities 

The antibacterial activity of pure TiO2 and MnTiO2-NPs was evaluated against clinical isolates of gram-positive (S. aureus) and 
gram-negative (E. coli) bacteria obtained from Combined Military Hospital (CMH) Muzaffarabad. The agar well diffusion method was 
used to measure the zone of inhibition (ZOI) of bacterial growth after treatment with different doses (10 mg, and 20 mg/ml) of the 
nanoparticles dissolved in DMSO. 

The results indicated that both pure TiO2 and MnTiO2-NPs exhibited antibacterial activity against S. aureus and E. coli as shown in 
Fig. 7. However, MnTiO2-NPs showed better antibacterial activity compared to pure TiO2-NPs [35]. The ZOI values of MnTiO2-NPs 
were higher than those of pure TiO2 for both S. aureus and E. coli at all tested doses. The difference in antibacterial activity between 
pure and MnTiO2-NPs can be attributed to the structural differences between gram-positive and gram-negative bacteria, as well as the 
increase in doping concentration of manganese. Fig. 8 shows petri plates used to analyze the efficiency of synthesized nanomaterials 
while Table 2 shows observed ZOI (mm) for Base and MnTiO2-NPs against different bacteria. 

Previous studies have reported that MnTiO2-NPs exhibit better antibacterial activity than pure TiO2 nanoparticles [36]. According 
to our results, it is because of the Mn-doping which introduced defects in the crystal lattice of TiO2, which enhanced the photocatalytic 
and antibacterial activities of the nanoparticles. The presence of Mn also increases the surface area and alters the surface charge of the 
nanoparticles, which can further enhance their antibacterial activity. 

It can be observed that MnTiO2-NPs have better antibacterial activity against both gram-positive and gram-negative bacteria 
compared to pure TiO2 nanoparticles. These findings suggest that MnTiO2-NPs have potential applications in the development of 
antibacterial agents for various biomedical and environmental applications. 

3.6. Photocatalytic activity 

The photocatalytic activity of TiO2 and MnTiO2-NPs was evaluated through the photodegradation of methylene blue (MB) under 
UV irradiation. The photocatalytic activity was evaluated by measuring the absorbance of the MB solution at different time intervals. 

The results displayed in Fig. 9 (a), and (b) showed that both pure TiO2 and MnTiO2-NPs exhibited photocatalytic activity, and the 
degradation rate was enhanced upon doping with Mn. The degradation of MB was found to be dependent on the concentration of the 
nanoparticles and the doping concentration of Mn [31,37]. 

Fig. 9 shows that the highest degradation rate was observed with MnTiO2-NPs, which degraded 78 % of MB after 100 min of 
irradiation, while pure TiO2 nanoparticles degraded 51 % of MB under the same conditions. 

The enhanced photocatalytic activity of MnTiO2-NPs can be attributed to several factors. Firstly, Mn doping modifies the crystal 
structure and bandgap of TiO2, which enhances the absorption of UV light and increases the generation of reactive oxygen species 
(ROS). ROS plays a crucial role in the degradation of organic pollutants by attacking the organic molecules and breaking them down 
into smaller, less harmful molecules [38]. Secondly, Mn doping increases the surface area and pore volume of TiO2 nanoparticles, 
which enhances the adsorption of MB onto the surface of nanoparticles, leading to an increase in the efficiency of photocatalytic 
degradation [39]. 

This study also thoroughly investigated the impact of various experimental conditions such as time, initial dye concentration, 
amount of catalyst, and pH. Fig. 10 (a) demonstrates a time vs degradation graph, in which direct variation is observed. The rate of 
degradation is higher for MnTiO2 than for pure TiO2. An increase in time duration results in a corresponding increase in the percent 
photodegradation of MB. Furthermore, Fig. 10 (b) showed that the concentration of photocatalyst has a direct influence on the 
photodegradation of MB dye, as increasing its concentration (0.1 g, 0.25 g, 0.5 g, and 0.75 g) led to an increase in photodegradation. 
The rate of degradation of MnTiO2 is higher than TiO2. Similarly, Fig. 10 (c) demonstrated that the photodegradation of MB was 
reduced due to an increase in the concentration of dye with the photocatalyst. The efficiency of MnTiO2 was reduced more by 

Fig. 7. Bar graph shows the variation for both nanomaterials against tested microbes.  
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Fig. 8. Antibacterial activity of TiO2 and MnTiO2-NPs.  

Table 2 
ZOI (mm) of pure and MnTiO2-NPs against different bacteria.  

Samples Concentration (mg/ml) Zone of inhibition (mm) 

E. Coli S. Aureus 

TiO2 10 mg/ml 11 mm 12.5 mm 
20 mg/ml 13 mm 14 mm 

10 % Mn–TiO2 10 mg/ml 15 mm 16 mm 
20 mg/ml 19 mm 21 mm  

Fig. 9. Absorbance spectra of (a) TiO2, and (b) MnTiO2 samples.  
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increasing MB concentration than pure TiO2. MnTiO2 has a narrower bandgap than TiO2, which means that it absorbs light with low 
energy. MnTiO2 is less likely to be excited and generate hydroxyl radicals, which are the primary requirement for photocatalysis. 
Finally, from Fig. 10 (d), the pH level was found to impact the photodegradation of MB, with higher pH (2, 5, 9, 12) values resulting in 
greater photodegradation when using MnTiO2 as a catalyst. These findings highlight the importance of doping to enhance the effi-
ciency of the materials. Additionally, MnTiO2-NPs exhibited better stability and reusability than pure TiO2 nanoparticles, making them 
promising candidates for practical applications in wastewater treatment. 

4. Conclusion 

This study unveils a novel, rapid hydrothermal technique successfully employed to synthesize MnTiO2 nanoparticles (MnTiO2-NPs) 
exhibiting remarkable antibacterial and photocatalytic properties. Compared to conventional methods, this approach significantly 
reduces growth duration while introducing desirable defect sites within the material. The synthesized MnTiO2-NPs exhibit an anatase 
phase, a crystalline structure, and an average particle size in the 34–36 nm range. The EDX analysis confirms the successful doping of 
Mn into the sample, while UV–Vis analysis data indicates a reduction in band gap upon doping Mn into TiO2, demonstrating the 
creation of defect sites responsible for enhanced photocatalytic and antibacterial activity. The photocatalytic activity evaluation re-
veals that MnTiO2-NPs exhibit significantly greater photocatalytic activity than pure TiO2. The antibacterial activity was also tested 
against E. coli and S. aureus, MnTiO2-NPs shows superior antibacterial efficacy than pure TiO2. By optimizing the synthesis process and 
delving deeper into the mechanism of action, we envision these engineered MnTiO2-NPs as next-generation materials with multi-
faceted applications benefiting various sectors including energy, biomedical, and environment. 

Data availability statement 

All the relevant data is available in the manuscript. 

Fig. 10. (a) Demonstrates the time vs degradation graph, (b) shows that the concentration of photocatalyst has a direct influence on the photo-
degradation of MB dye, (c) demonstrates that photodegradation of MB reduced due to an increase in the concentration of dye with the photocatalyst. 
(d) The pH level was found to impact the photodegradation of MB. 
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